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bstract
In this work, a five level central composite design (Box–Wilson design) was employed to optimize the operating conditions for the
eneration of electricity in a microbial fuel cell. The following three variables were studied: temperature, initial anodic compartment
H and salt bridge component concentrations (agar and KCl). The optimal voltage yield was 17.34% greater than that observed
nder basal conditions and was achieved with a temperature of 32 ◦C, constant pH of 7.0 and salt bridge component concentrations
f agar: 8.0 g/100 ml and KCL: 2.9 g/100 ml. The maximum recorded voltage at an external resistance of 30   was 861.27 mV. The
urrent density was 2.16 mA/m2, the power density was 1887.49 mW/m2, and the columbic efficiency was 24.12%.
 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of Taibah University. This is an open access article under
he CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
ting coeywords: Central composite design; Generation of electricity; Opera
.  Introduction
Microbial fuel cells (MFCs) are a new technology for
nergy production, and the factors that affect the power
utput of MFCs are just beginning to be understood
1]. Operating conditions are factors that influence the
icrobial community on the anode [2]. The application
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of statistical experimental design techniques for opti-
mization of operating conditions in microbial fuel cells
can result in improved product yields, reduced process
variability, closer confirmation of the output response to
nominal and target requirements and reduced develop-
ment time and overall costs. The conventional practice
of single factor optimization, which maintains all but
one factor at an unspecified constant level, does not
depict the combined effect of all factors involved. This
method is also time consuming and requires a number
of experiments to determine optimum levels, which are
unreliable. These limitations of the single factor opti-
mization process can be eliminated by optimizing all
of the affecting parameters collectively using a statisti-
cal experimental design, the five level central compositebehalf of Taibah University. This is an open access article under the
design [3–5]. Statistical experimental designs have been
used for several decades and can be adopted at various
phases of an optimization strategy, such as screening
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 two-coFig. 1. Schematic structure of a
experiments and determining the optimal conditions for
targeted response(s) [6]. The central composite design is
a response surface methodology supported by software,
and it is an empirical modelization technique for the
evaluation of the relationship of a set of controlled exper-
imental factors and observed results [6]. Prior knowledge
of a process is necessary to generate a statistical model
using this technique. Basically, this optimization process
involves three major steps: estimating the coefficients
in a mathematical model, predicting the response and
checking the adequacy of the model [7].
In the present work, we report for the first time
an optimization strategy for the generation of electric-
ity in a MFC using statistically designed experiments,
and we show that this strategy is effective for optimi-
zing MFC technology. A central composite design was
employed to determine the optimal operating conditions
in a microbial fuel cell as independent variables, includ-
ing temperature, initial anodic compartment pH and salt
bridge component concentrations (agar and KCl).
2.  Materials  and  methods
2.1.  Microbial  fuel  cell  conﬁguration
A double-chamber MFC (Fig. 1) was constructed as
previously described by Al-Shehri et al. [8]. Briefly, the
MFC had two compartments of resistance polyethylene,
and each had a working volume of 2 L. The electrodes
were made of carbon, and each electrode had a total sur-
face area of 13.1 cm2. The compartments were connected
to each other via a salt bridge, which was a resistant
polyethylene tube with an inner diameter of 1.5 cm andmpartment microbial fuel cell.
a length of 15 cm. It was placed between the anode and
cathode compartments and sealed with rubber sheets
inserted between each frame. The electrodes joined each
other through variable external resistance (30–1000 ).
2.2.  Medium,  inoculum  and  operation
The anolyte consisted of a mineral glucose medium
(MGM) that had been statistically optimized in a pre-
vious work and contained the following components:
8.5 g/l glucose, 0.2 g/l NaHCO3, 0.1 g/l NH4Cl, 0.064 g/l
MgSO4·7H2O, 0.8 g/l KCl, 1.5 g/l yeast extract and
20 ml/l of a mixture of vitamins and minerals [9]. The
catholyte was composed of 50 mM potassium phosphate
buffer solution (PPBS), pH 7.0 at 25 ◦C, and 100 mM
NaCl (1:1, v:v). The components of the salt bridge were
(g/100 ml): 2.5 KCl and 5.0 agar. Sewage sediments were
standardly collected from Makkah city, Saudi Arabia and
then directly sparged with N2 for 10 minutes to remove
O2. The sediments were characterized by a dark colour
and high viscosity, and they were located under a 40 cm
of water body. The sewage sediments were transferred to
the laboratory where homogenization under a stream of
N2 was performed. Thereafter, 300 g of sewage sediment
was transferred to 1 L of MGM and 10 mM KCl (1:1,
v:v), which had also been sparged for 10 min with N2,
and then the container was closed tightly and kept at 4 ◦C.
Ten millilitres of the treated sewage sediment was used
as the inoculum (mixed culture). The electrodes were
treated before using 1 M HCl, 1 M NaOH, and distilled
water, respectively. All parts of the MFC were assembled
under sterile conditions. The anolyte was sparged with
N2. The inoculum was 10 ml. The anode compartment
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Table 1
Levels of the investigated factors in the central composite design.
Factors Levels
Symbol −− − 0 + + +
Temperature Y1 12 17 22 27 32
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as been closed tightly by parafilm, and the entire anode
ompartment was enveloped with adhesive nylon. The
nolyte was stirred continuously by a magnetic bar stir-
er. The catholyte was sparged continuously by 1 L/min
ir.
.3.  Measurements  and  calculations
The voltage output was measured after the MFC had
eached steady state by a digital multimetre (Sanwa
D800a – Japan) connected to a personal computer, and
he data were automatically recorded every second using
icolog software (Pico. Technology Limited). The cor-
esponding current was based on the equation I = E/Rext,
here I  is current (mA), E  is voltage (mV) and Rext is
xternal resistance. Power (P) was obtained using the
quation P  = IE. The current and power densities were
ormalized based on the projected surface area of the
node using the following equations: IAn = I/AAn, where
An is current density and AAn is the surface area of the
node; and PAn = E2/AAnRext, where PAn is power den-
ity. The polarization curve was obtained at different
xternal resistances (30–1000 ). The internal resistance
as derived from the polarization curve as the slope.
The efficiency of a MFC performance is often
xpressed as the coulombic efficiency. To determine
oulombic efficiency (CE), which is expressed as the
atio of coulombs transferred from the substrate to the
node to the theoretical maximum coulombs that would
e transferred if all of the substrate was oxidized, a group
f equations were applied:
p =  I  ·  t
here Cp is the coulombs of produced energy, I  is the
urrent (mA) and t is the time of stable voltage output,
hich was 30 h on average throughout the experiments.
max = FbSVAn
MW
here Cmax is the theoretical maximum coulombs, F  is
araday’s constant (96.485 C/mol of electrons), b is mol
f electrons available for removal per mol of substrate, S5 6 7 8 9
(2.1, 2.0) (2.2, 3.0) (2.5, 5.0) (2.8, 7.0) (2.9, 8.0)
is substrate concentration (g/l), VAn is the anode chamber
volume and MW  is the molecular weight of the substrate.
CE  = Cp
Cmax
Finally, the coulombic efficiency (CE) is calculated
by dividing Cp by Cmax.
Triplicates of all experiments were performed, and
mean data values are reported. The standard deviations
of the studied parameters ranged from 0.3% to 4.8%.
2.4.  The  central  composite  design
The operating conditions for the generation of elec-
tricity in a microbial fuel cell were optimized using the
central composite design [6,10]. Three variables, tem-
perature (Y1), initial anodic compartment pH (Y2), and
salt bridge component concentrations (agar and KCl)
(Y3), were included in the model. Each factor was exam-
ined at five different levels, relatively low, low, basal,
high, and relatively high, and coded as −−, −, 0, +
and ++, as shown in Table 1. According to the applied
design, 16 combinations were executed (Table 2), and
their observations were fitted to the following second
order polynomial model:
Z  =  b0 +  b1Y1 +  b2Y2 +  b3Y3 +  b12Y1Y2
+ b13Y1Y3 +  b23Y2Y3 +  b11Y12
+  b22Y22 +  b33Y32
where Z is the dependent variable (voltage yield); Y1,
Y2 and Y3 are the independent variables as mentioned
above; b0 is the regression coefficient at the centre point;
b1, b2 and b3 are linear coefficients; b12, b13 and b23
are second order coefficients; and b11, b22 and b33 are
quadratic coefficients. The values of the coefficients and
the optimum levels were calculated using Statistica soft-
ware. The quality of the fit of the polynomial model
equation was expressed as the coefficient of determina-
tion, R2. All trials were performed in triplicate, and the
average voltage yield observations were considered the
responses.
800
 
A.N.Z.
 Alshehria
 et
 al.
 /
 Jo
u
rn
al
 of
 T
aibah
 U
niversity
 for
 Science
 10
 (
T
able
 2
The
 central
 co
m
posite
 design
 for
 three
 independent
 v
ariables:
 tem
-
perature
 (Y1),
 initial
 an
odic
 co
m
partm
ent
 pH
 (Y2),
 and
 salt
 bridge
co
m
ponent
 co
n
centrations
 (agar
 and
 K
Cl)
 (Y3).
T
rails
 
F
actors
Y1
 
Y2
 
Y3
1
 
−
 
−
 
−
2
 
−
 
−
 
+
3
 
−
 
+
 
−
4
 
−
 
+
 
+
5
 
+
 
−
 
−
6
 
+
 
−
 
+
7
 
+
 
+
 
−
8
 
+
 
+
 
+
9
 
−
 −
 
0
 
0
10
 
+
 +
 
0
 
0
11
 
0
 
−
 −
 
0
12
 
0
 
+
 +
 
0
13
 
0
 
0
 
−
 −
14
 
0
 
0
 
+
 +
15
 
0
 
0
 
0
16
 
0
 
0
 
0
3.
 R
esults
 a
nd
 discussion
The
 design
 m
atrix
 of
 the
 coded
 v
ariables
 is
 presented
in
 T
ables
 2
 and
 3
 sho
w
s
 the
 results
 of
 these
 experi-
m
ents.
 Figs.
 2–4
 sho
w
 the
 response
 su
rface
 plots
 for
Fig.
 2.
 The
 response
 of
 v
oltage
 yield
 (mV)
 as
 a
 function
 of
 initial
 pH
and
 tem
perature
 ( ◦C)
 based
 o
n
 the
 central
 co
m
posite
 design
 results.
Table 3
, initial anodic compartment pH, and salt bridge component concentrations (agar and KCl).
t
y
2)
Power
(mW)
Power
density
(mW/m2)
Volumetric
power
density
(mW/m2)
Improvement
ratio of
control
(%)
Coulombic
efficiency
(%)
Internal
resistance
()
13,563.9 1035.73 6784.06 −13.07 17.86 26.54Observed responses of three independent variables: temperature
Run Voltage
(mV)
Current
(mA)
Curren
densit
(mA/m
1 638 21.26 1.622016)
 797–804
2 669 22.3 1.7 14,918.7 1138.83 7459.35 −8.85 18.73 26.39
3 550 18.33 1.39 10,081.5 769.72 5041.66 −25.06 15.4 27.72
4 727 24.23 1.84 17,615.2 1344.85 8808.81 −0.95 20.35 26.39
5 704 23.46 1.79 16,518.4 1261.1 8260.26 −4.08 19.71 26.39
6 749 24.96 1.9 18,695 1427.48 9350.01 2.04 20.97 26.38
7 689 22.96 1.75 15,819.4 1207.94 7912.01 −6.13 19.29 26.39
8 761 25.36 1.93 19,299 1473.59 9652.01 3.67 21.3 26.34
9 475 15.83 1.2 7519.25 574.1 3765.41 −35.28 13.3 27.08
10 809 26.96 2.05 21,810.6 1665.34 10,908 10.21 22.65 20.96
11 712 23.73 1.81 16,895.8 1289.93 8449.06 −2.99 19.93 26.39
12 785 26.16 1.99 20,535.6 1568 10,270.4 6.94 21.98 25.58
13 379 12.63 0.96 4786.77 365.49 2394.01 −48.36 10.61 27.89
14 793 26.43 2.01 20,959 1600.12 10,480.8 8.03 22.2 24
15(C) 732 24.4 1.86 17,860.8 1363.41 8930.4 −0.27 20.5 26.38
16(C) 734 24.46 1.86 17,953.6 1370.88 8979.26 0 20.55 26.38
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Fig. 3. The response of voltage yield (mV) as a function of salt bridge
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Fig. 4. The response of voltage yield (mV) as a function of salt bridgeomponent concentrations (g/100 ml) and temperature (◦C) based on
he central composite design results.
oltage yield (mV) as a function of temperature, ini-
ial anodic compartment pH, and salt bridge component
oncentrations (agar and KCl). Moving along the X  and
 axes demonstrates that increasing the temperature, ini-
ial anodic compartment pH, and salt bridge component
oncentrations (agar and KCl) has a conspicuous effect
n overall linkage. As a result, the stationary ridge shape
as observed on the surface plots for the three operat-
ng conditions. As shown in Fig. 5, maximum voltage
as clearly obtained under the following optimal condi-
ions: temperature of 32 ◦C, initial anodic compartment
H of 7.0, and salt bridge component concentrations
f 2.8 g/100 ml KCl and 7.0 g/100 ml agar. A second
rder polynomial function was fitted to the experimental
oltage yield results using Statistica software, and the
ollowing equation was obtained:
 =  35.20 −  0 : 946X1 +  3.926X2 −  31.27X3
+ 0.65 ×  10−4X12 −  0 : 27X22 +  1 : 99X32,
here Z is the voltage yield (mV), Y1 is the temper-
ture, Y2 is the initial anodic compartment pH, and
3 is the salt bridge component concentrations (agar
nd KCl) (g/100 ml). Solving the model using to the
ata presented in Table 3 revealed an optimum response
t the following conditions: temperature 32 ◦C, initialcomponent concentrations (g/100 ml) and initial pH based on the cen-
tral composite design results.
anodic compartment pH 7.0, and salt bridge compo-
nent concentrations (g/100 ml) of 2.8 KCl and 7.0
agar, with a predicted voltage yield of 832.09 mV. This
voltage yield was a 10.21% improvement over the
control conditions. To verify the optimization results,
an experiment was performed under the predicted
optimal conditions with voltage yield as the main
response.
The basal operating conditions, before applying the
optimization process of the central composite, were used
as the control conditions (temperature 22 ±  2 ◦C, initial
anodic compartment pH 7.0, and salt bridge compo-
nent concentrations (g/100 ml): 2.5 KCl and 5.0 agar).
The optimized operating conditions recorded a volt-
age yield of 861.27 mV, (28.71 mA), which exceeded
both the theoretically predicted yield and the control
yield by 3.50% and 17.34%, respectively. The coulom-
bic efficiency was 24.12%, and the internal resistance
was 17.45 . The current vs. time curve of the typical
batch operation is illustrated in Fig. 6. This result reflects
the accuracy and applicability of the central composite
model as an extremely powerful method for optimiza-
tion processes, because using this model, interactions
between factors, as well as quadratic effects (curva-
ture), are taken into account and quantified in addition
to the examination of each factor at five different lev-
els [11]. The correlation measures for the estimation of
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 differenFig. 5. The relationship between the response (voltage yield) and the
on the central composite design results.
the regression equation are the multiple correlation coef-
ficient R  and the determination coefficient R2. As the
R approaches 1, the correlation between the measured
and predicted values increases. In this experiment, the
R and R2 values were 0.95 and 0.98, respectively, for
voltage yield. These values indicate a high degree of
correlation between the experimental and the predicted
values.
Increasing the temperature to 32 ◦C positively
affected voltage yield, possibly because the increased
temperature reduced internal resistance by increasing
the movement of the molecules, thus, speeding up reac-
tion combining of oxygen molecules with protons in the
catholyte, which has a positive effect on proton exchange
via the salt bridge [12].pH is critical for all microbial-
based processes. In MFCs, pH not only affects bacterial
metabolism and growth but also affects the proton trans-
fer and cathode reaction and thus MFC performance
[12]. Most MFCs are operated at near-neutral pH to
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C
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A
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Fig. 6. Current vs. time curve of a typical batch operation.t independent variables, showing the predicted optimal values based
maintain optimal growth conditions for microbial com-
munities involved in electricity generation [1]. Gil et al.
[13] reported maximum power generation at pH 7.0 in a
two-chamber MFC using a mixed culture enriched from
activated sludge.
The positive effect of the new salt bridge compo-
nent concentrations may be the result of closing of agar
molecules and an increase in ionic strength caused by an
increase in proton exchange through the salt bridge. This
reduces oxygen permeability from the cathode cham-
ber to the anode chamber. All these factors lead to the
reduction of internal resistance and increase the potential
difference between the chambers.
The statistical optimization process achieved a
17.34% increase in voltage yield compared to con-
trol, with a maximum voltage yield of 861.27 mV,
current density of 2.16 mA/m2 and power density of
1887.49 mW/m2 at an external resistance of 30 . As
these results exceeded those of a number of previous
studies [14–18]. The columbic efficiency was 24.12%,
which is better than the yield obtained by other investi-
gators [19–22].
Statistical optimization has been successfully
applied in many recent biotechnological applications
[3–5,23–29]. However, to the best of our knowledge,
no single report has described voltage statistical opti-
mization processes using central composite design. The
present study proved that MFC is a valuable technology
for generating renewable and clean energy from organic
substrates. The results indicate that the central compos-
ite design was applied successfully to optimize MFC
performance in terms of electricity generation.
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.  Conclusion
The present study succeeded in using MFC technol-
gy to generate clean and renewable bioelectricity from
rganic substances. MFC technology can be a green
nd sustainable solution for the global energy crisis,
nd it can help decrease carbon dioxide emissions, and
nvironmental pollution to help slow climate change.
n this work, for the first time, the microbial role of a
FC reactor was improved by optimization of operat-
ng conditions using a statistical design (five level central
omposite), Voltage yield was successfully increased
n an economical manner, and this method was found
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